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CONDUCTION INVESTIGATIONS INTO THE MAGNETIC PROPERTIES OF MATTER 

BY 

H. Chaginil and Robert L. Ash2 

SUMMARY 

Because of problems resu l t ing  from poor q u a l i t y  control of the magnetic 

samples required for the or iginal  study, the graduate research associate  has 

been able t o  study a d i f fe ren t  problem. This report presents the thermal 

analysis of a heat exchanger f o r  heating a i r  t o  temperatures on the  order of  

3000°C for use i n  NASA's high temperature w i n d  tunnel. 

t h a t  an externally finned shell-and-tube type of  heat  exchanger w i t h  

counterflow could be considered for  this application. The methods of 

estimating the convective heat t ransfer  coeff ic ients  are outlined i n  t h i s  

report .  

predicted. As a resul t  of extreme length of heat exchanger ( =  1 /2  lon), i t  

was determined that a conventional heat exchanger may not be the most 

su i tab le  tool for  this  application. 

I t  was ascertained 

As a part of thermal design the required size of heat exchanger was 
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I NTROOUCT I ON 

A neat excnanger i s  any dev ice which p rov ides  t h e  t r a n s f e r  o f  tnermal 

I n  t h e  s imp les t  type o f  heat exchangers energy from one f l u i d  t o  another.  

t h e  h o t  and c o l d  f l u i d s  mix d i r e c t l y ,  as compared t o  more common t ypes  i n  

which the  f l u i d s  are separated b y  a w a l l .  Th is  type, c a l l e d  a recupera to r ,  

may va ry  i n  des ign from a simple plane w a l l  between two f l o w i n g  f l u i d s  t o  

more complex c o n f i g u r a t i o n s  i n v o l v i n g  m u l t i p l e  passes, f i n s ,  o r  b a f f l e s  

(Ref. 1, 2 ) .  I n  t h i s  case conduct ive and convec t i ve  and sometimes r a d i a t i v e  

modes o f  heat t r a n s f e r  must be considered. 

Many f a c t o r s  i n c l u d i n g  thermal ana lys i s ,  s i ze ,  weight, s t r u c t u r a l  

s t reng th ,  pressure drop, and cost ,  c o n t r i b u t e  t o  t h e  design o f  a heat ex- 

changer. The heat t r a n s f e r  c o e f f i c i e n t  o f  each f l u i d  i s  est i rnated oy t n e  

geometry o f  t h e  f l o w  passages, f l u i d  f l o w  ra tes ,  temperatures and f l u i d  

p r o p e r t i e s .  From these s p e c i f i e d  cond- i t ions an o v e r a l l  heat  t r a n s f e r  co- 

e f f i c i e n t  i s  t hen  ca l cu la ted .  

For  our a p p l i c a t i o n  i t  was determined t o  use an e x t e r n a l l y - f i n n e d  s h e l l  

and tube arrangement w i t h  counter f low t o  i n v e s t i g a t e  t h e  p r a c t i c a l i t y  o f  t h e  

task .  Therinal ana lys i s  o f  t h i s  type o f  heat exchanger i s  presented i n  

d e t a i l  i n  t h e  next sect ion.  

THERMAL A N A L Y S I S  

The p r imary  o b j e c t i v e  i n  thermal des ign o f  a heat exchanger i s  t o  de- 

te rm ine  t h e  necessary sur face area, A, r e q u i r e d  t o  t r a n s f e r  heat  a t  a 

g i ven  r a t e  f o r  a g iven f l u i d  temperature and f l o w  r a t e .  

One o f  t h e  f i r s t  tasks i n  t h e  thermal a n a l y s i s  o f  a heat  exchanger i s  

t o  eva lua te  t h e  t o t a l  tnermal res i s tance  o f  t he  system. This  i s  f a c i l i t a t e d  

b y  employing t h e  o v e r a l l  h e a t - t r a n s f e r  c o e f f i c i e n t ,  U, d e f i n e d  as t n e  



r e c i p r o c a l  of t h e  sun of  t h e  thermal r e s i s t a n c e s  of t h e  system. 

c y l i n d r i c a l  w a l l  i t  can be w r i t t e n  as (Ref. 3 )  

For a 

1 

- 
r .  

' 0  

here h i s  t h e  f i l m  c o e f f i c i e n t ,  K i s  t h e  tube thermal c o n d u c t i v i t y ,  r 

i s  t h e  r a d i u s  o f  t h e  tube, ana t h e  s u b s c r i p t s  o and i represent  t h e  

o u t s i d e  and t h e  ins ide,  r e s p e c t i v e l y .  

To determine t h e  r a t e  of heat t r a n s f e r ,  Q, f rom t h e  energy balance 

between the  two f l u i d s  

where m i s  t h e  mass f l o w  r a t e  o f  f low, C i s  t h e  s p e c i f i c  heat a t  con- 

S tan t  pressure, and A T  i s  t h e  absolute v a l u e  o f  t h e  i n l e t  and o u t l e t  

temperature d i f f e r e n c e .  

P 

deat exchangers a r e  designed by t h e  b a s i c  equa t ion  (Ref.  4)  

Q = U A ~ T  

For more complex type o f  heat exchangers, such as those i n v o l v i n g  

m u l t i p l e  tubes, several  s h e l l  passes o r  c r o s s f l o w ,  t h e  aDove equat ion i s  

m o d i f i e d  t o  i n c l u d e  a c o r r e c t i o n  factor  (Ref .  4 ) .  
- 

The remain ing term, AT, i n  t h e  above equa t ion  i s  t h e  l o g a r i t h m i c  mean 

temperature d i f ference (LIYTD). The temperatures o f  t h e  f l u i d s  i n  a heat 

exchanger a re  g e n e r a l l y  not  constant, b u t  v a r y  from p o i n t  t o  p o i n t  as heat 
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flows. Even f o r  a constant thermal res is tance,  the r a t e  of heat flow varies 

a long  the p a t h  of the exchangers, since i t  depends on the temperature d i f -  

ference oetween the ho t  and c o l d  f l u i d .  

temperatures t n a t  may occur i n  a simple snell  and tube counter f low heat 

exchanger. 

Figure 1 i l l u s t r a t e s  the change i n  

I b 

0 . 

Th OYI T 
ATb 

told 

Figure 1. Temperature dis t r ibut ion i n  single-pass counterflow heat exchanger. 

For a counter flow heat exchanger the LMTD i s  defined as (Ref. 3 )  

A T a  - ATb 
T =  

I n  A T ~ / A T ~  
( 4 )  

based on the following assumptions: 

1. Rate of f l o w  of each f l u i d  i s  constant. 

2 .  

3 .  Overall heat t ransfer  coeff ic ient  t h r o u g h  the exchanger i s  con- 

Specific heat o f  each fluid is  constant. 

s tant .  

3 



4. The system i s  ad iaba t i c ,  heat exchange takes p l a c e  o n l y  between t h e  

two f l u i d s .  

5. F l u i d  f l o w  i s  countercurrent .  

For  t h e  case of t h e  f inned heat exchanyer, a convenient  concept t h a t  

can be used t o  p r o v i d e  a va lue f o r  the heat t r a n s f e r  r a t e  f rom a f i n  i s  t h e  

f i n  e f f i c i e n c y .  The e f f i c i e n c y  o f  the ba r  f i n  i s  g i v e n  by (Ref.  3) 

tanh (pL)  

PL 
4 =  ( 5 )  

Here p = hc/ky,  L i s  t he  l e n g t h  o f  t h e  f i n  and y i s  h a l f  t h e  f i n  t h i c k -  

ness. 

Use o f  Reynolds Analogy t o  Es t ima te  
t h e  Convect i on Co e f f i c i en t s 

E m p i r i c a l  c o r r e l a t i o n s  f o r  t h e  heat t r a n s f e r  c o e f f i c i e n t s  needed i n  

t n i s  Stuay were n o t  ava i l ab le ,  ou t  could be es t ima ted  us ing  Reynolds ana- 

logy.  By u t i l i z i n g  t h e  boundary layer  concept o f  no s l i p  i n  t h e  v i c i n i t y  o f  

a sur face,  t h e  f l u i d  i s  e s s e n t i a l l y  s t a t i o n a r y .  As a r e s u l t  t h e  t r a n s f e r  o f  

heat takes p l a c e  p r i m a r i l y  by conduct ion.  Reynolds analogy (Ref .  5 )  r e s u l t s  

from making t h e  approxi inat ion t h a t  temperature and v e l o c i t y  cnange a t  pro- 

p o r t i o n a l  r a t e s  through t h e  boundary l a y e r  as 

U T 
1 du = dT 
0 T 

1 q'; 

cp T S  

- -  - 
S 

Here q" and T represent  heat t r a n s f e r  and shear s t ress ,  r e s p e c t i v e l y .  

Tne s u b s c r i p t  s denotes t h e  surface values. 

For  t h e  case o f  t u r b u l e n t  f l ow  i n  a tube, i n t e g r a t i o n  o f  t h e  above 

equa t ion  w i t h  upper l i m i t  o f  u = V and T = Tb, where V i s  mean 
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v e l o c i t y  and Tb i s  the bulk tempera ture ,  g i v e s  

o r  

S 
T 

X 
h 

- = -  
PC v P V 2  

P 

Shear stress a t  the s u r f a c e ,  T can be eva lua ted  from the f o r c e  b a l a n c e  

on a c y l i n d r i c a l  cont ro l  volume of length  L and aiameter  D ,  a s  
5, 

b u t  from Darcy 's  equat ion (Ref. Z ) ,  

where f i s  Darcy's f r i c t i o n  f a c t o r .  Therefore ,  

f i n a l l y  
h 

= f / 8  S t x  = - 
PCPV 

where S t x  i s  the local  s t a n t o n  number. The same form is a l s o  v a l i d  f o r  

averaged va lues  

5 



n T = - = f / 8  
PC v 

P 

I n  order  t o  es t ima te  t h e  i n t e r n a l  convec t i on  c o e f f i c i e n t  an approx- 

i m a t i o n  o f  t h e  f r i c t i o n  f a c t o r  f i s  needed. From S c h i l i c h t i n g  (Ref. 6 )  

t h e  f r i c t i o n  f a c t o r ,  i n  terms o f  Reynolds number f o r  smooth p ipe,  i s  g i v e n  

as 

(14) - = 2.0 l o g  (Re f ) - 0.8 
f 

f o r  our  Re = lo7 d f r i c t i o n  f a c t o r  o f  f = 0.008 was obta ined.  For c a l -  

c u l a t i n g  t h e  convect ion c o e f f i c i e n t  p a r a l l e l  t o  t h e  l o n g  pipe, t n e  f l a t  

p l a t e  approximat ion can be used. S i m i l a r l y ,  t h e  f l o w  o u t s i d e  t h e  p i p e  i s  

t u r b u l e n t ,  and f rom Reynolds analogy i n t e g r a t i o n  of equat ion ( 5 )  

D 

cf 
h 

x -  

P 

- -  
P C  v 2 

where C f  i s  the average s k i n  f r i c t i o n .  For a f l a t  p l a t e ,  C f  can be 

approximated as (Ref. 7 )  

115 C, = O.d72(Re, ) 
I L 

w i t h  ReL = 5 x lo6 an average sk in  f r i c t i o n  o f  C f  = 0.0035 was r e s u l t e d .  
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C a l c u l a t i o n  of Thermodynamic and 
T ranspor t  P roper t i es  o f  Flow 

Hot f l u i d  i s  t he  r e s u l t  o f  t h e  complete combustion o f  inethane i n  t h e  

coinbustion chamber w i t h  excess oxygen i n  the  process. The product  i s  a 

m i x t u r e  o f  t h e  f o l l o w i n g  gases. 

Gas - 
co2 

"20 

A i r  

Mole F r a c t i o n  

13.3% 

26.5 

49.7 

0, 10.5 

A t  h i g h  pressure (=  100 atm) and temperature (mean average temperature 

o f  approx imate ly  1300°C) t h e  p r o p e r t i e s  o f  pure gases a re  ob ta ined  f rom 

re fe rences  8 and 9. 

The c o e f f i c i e n t  o f  v i s c o s i t y  o f  a gas m i x t u r e  o f  n components may be 

c a l c u l a t e d  b y  Wi l ke ' s  semi- imper ica l  c o r r e l a t i o n  (Ref. 10) as 

= c  I 

i=l n x i  
'"mix 

J 4 i j  - 
i j = 1  X 

where pi  a re  t h e  v i s c o s i t i e s  o f  the component gases. x and x a re  

mole f r a c t i o n s .  The c o e f f i c i e n t s  4 i j  are given as f u n c t i o n s  o f  t h e  v i s -  

c o s i t i e s  and molecular  weights  o f  species i and j as 

i j 

1 / I  1 / 4  2 - [l + (u i /u j )  (Mj/Mi) ] 

[ 8 ( 1  + M i / M j ) ]  

- 
'ij 1 1 2  

S i m i l a r l y ,  t h e  thermal c o n d u c t i v i t y  o f  a m ix tu re  and polyatomic gases may b e  

7 



d i v i d e d  i n t o  two p o r t i o n s  as (Ref. 10) 

= k '  + k i ix  k m i  x mix 

Here, k,ii represents  the monatomic thermal c o n d u c t i v i t y  o f  t h e  m i x t u r e ,  

whereas kf;lix accounts f o r  t h e  d i f f u s i o n a l  t r a n s p o r t  o f  i n t e r n a l  energy.  

S ince t h e  combustion product  has no monatomic component t h e  term klmix i s  

zero, and k);lix i s  a lso c a l c u l a t e d  from equat ions (16)  and (17)  as p i s  i 

replaced by  the  thermal c o n d u c t i v i t y  o f  t he  gas components, (Re f .  11). 

A computer program was w r i t t e n  i n  B A S I C  t o  c a l c u l a t e  t h e  v i s c o s i t y  and t h e r -  

mal c o n d u c t i v i t y  of t ne  m i x t u r e .  A l i s t i n g  of t he  program appears on t h e  

next  page. 

K i  

The ass impt ion o f  i d e a l  gas made i t  p o s s i b l e  t o  c a l c u l a t e  t h e  d e n s i t y  

o f  t h e  m i x t u r e  gas w i t h  t h e  molecular  weight o f  28.25. Also, P r a n d t l  number 

and s p e c i f i c  heat a t  constant  pressure were obta ined based on t h e  mole f r a c -  

t i o n  o f  t h e  m ix tu re .  

PRESENTATION OF RESULTS 

C a l c u l a t i o n s  are performed f o r  heat exchanger tubes o f  v a r i o u s  d i  am- 

e t e r s  of 5, 10, and 20 inches (0.125, 0.250, and 0.500 meters, r e s p e c t i v e -  

l y ) .  < 

0.3 

i m a t e l y  660 m/sec, a maximum speed o f  200 m/sec i s  al lowed. 

a n a l y s i s ,  i t  was assmed t h a t  t ube  th icknesses were Doth 1/16" (0.016 

mete rs ) .  For a l l  cases the  f i n  length and th ickness were taken as 0.016 

ineters and 0.014 meters, r e s p e c t i v e l y .  They were assumed t o  be one f i n  

t h i c k n e s s  apart  from each o t h e r .  

was c a l c u l a t e d .  

The c o n d i t i o n  of s t a y i n g  w i t h i n  t h e  c o m p r e s s i b i l i t y  l i m i t  o f  Mach 

was mainta ined tnroughout  the analys is .  With sonic  v e l o c i t y  o f  approx- 

For t h e  present  

As a r e s u l t  a f i n  e f f i c i e n c y  of 40 percent  
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For t h e  i n n e r  tube t n e  i n l e t  and o u t l e t  v e l o c i t i e s  a re  c a l c u l a t e d  based 

on changes i n  the f l u i d  d e n s i t y  as a f u n c t i o n  o f  temperature.  

o b t a i n i n g  t h e  convect ive c o e f f i c i e n t s  have been a l ready  o u t l i n e d  i n  t h i s  

r e p o r t .  

d rop  across a smooth p i p e  as w e l l  as f i n n e d  p i p e  heat  exchanger were ca l cu -  

1 ated . 

Methods o f  

As a main purpose o f  t h i s  study t h e  r e q u i r e d  l e n g t h  and pressure 

Resu l t s  f o r  d i f f e r e n t  tube diameters a re  presented i n  Table 1. 

Table I 

1 
1 Convect 1 ve  

Smooth p i p e  Finned pipe  
m u  tube f l u i d  vclos. (kw/mi.KO) 0 l e n g t h  A p  length Ap 

No. of Inner tube c o e f f  in Lnner 
tube 
d i m  ( m )  (kg/sec)  required Vout Vin (kv/m2-KO) (ai) ( a h . )  (m) ( a t m . )  hi ho 

0.125 27.3 llr 190.1, 30.6 1 97L 2699 197.0 901 65.8 

1.925 1384. 39.7 L55 1 3 . 1  0.250 108.7 iCG.9 26.8 ? “ Z  . 
11 

f *  
4 

0.500 lr3L.6 1 167 .0  26.9 1.898 702 9.9 229 3.2 

IIOTL: O u t e r  tube dis-eters are twice t h e  inne; tube diameters. 

CONCLUSION AND RECOMMENDATION 

C a l c u l a t i o n  o f  neat exchanger area f o r  smooth as w e l l  as f i n n e d  tubes 

i n d i c a t e s  t h a t  a convent ional  heat exchanger i s  n o t  t h e  most f e a s i b l e  

approach t o  t h i s  problem. Even i f  the  hea t  exchanger p ipes a re  assernbled i n  

a compact form o f  a loop, the ve ry  h i g h  pressure drop across t h e  heat  ex- 

changer cannot be t o l e r a t e d .  

case o f  20-inch pipe, a head loss o f  a t  l e a s t  3.2 atmospheres was ca l cu -  

1 ated. 

For the s h o r t e s t  l e n g t h  o f  f i n n e d  tube  i n  t n e  

As an a l t e r n a t i v e ,  a system which u t i l i z e s  t n e  energy re leased  froin 

f u s i o n  process i s  recommended. This process can be adopted by  a p p l y i n g  

10 



e lec t r i ca l  current t o  a bank o f  sealed metal containers t o  melt the metal. 

The energy released t o  the surrounding a i r  can provide the h i g h  temperature 

a i r  needed f o r  use i n  the wind tunnel. 
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